T wave changes in the human ECG have been classified as primary or secondary.' The former occur in the presence of a normal ventricular activation sequence, and the latter are accompanied by altered activation patterns.' Clinical phenomena associated with changes in the sequence of activation include transient T wave inversions after intermittent left bundle branch block,2'3 the so-called "posttachycardia syndrome,4" extrasystoles,5 and ventricular preexcitation.6 A common finding in each of these settings is the persistence of T wave anomalies after normalization of del Balzo and Rosen T Wave Changes After Ventricular Pacing 1465 pathological conditions,9 an experimental model for this phenomenon is lacking. Thus, the goal of the present study was to investigate the occurrence of consistent T wave changes in an experimental model of right ventricular pacing with subsequent return to normal atrioventricular activation in the open-chest anesthetized dog. In addition, we attempted to elucidate the mechanism underlying these postpacing T wave anomalies.
We hypothesized that persistent inversions in T wave polarity that follow periods of right ventricular pacing may be associated with an ion channel adaptation to abnormal activation. This hypothesis was based in part on a recent study of the isolated heart'0 in which a slow adaptation of action potential duration to an altered activation sequence was reported. The authors suggested that the mechanism of repolarization changes occurring after a period of aberrant conduction is related to a physiological property of the myocardium. In the present study, we used lidocaine, a sodium channel blocker that accelerates repolarization, and 4-aminopyridine, a blocker of the transient outward potassium current (i0),1" to test the effects of modulating repolarization on the phenomenon of postpacing T wave changes. We report the occurrence of reproducible T wave abnormalities during normal conduction after a period of abnormal activation. These changes in T wave morphology are not altered by lidocaine but are abolished by 4-aminopyridine.
Methods Surgical Preparation
Healthy mongrel dogs of either sex (15-20 kg) were premedicated with morphine sulfate (3 mg/kg i.m.), anesthetized [15] [16] [17] [18] [19] [20] minutes later with a-chloralose (100 mg/kg i.v.), and supplemented as needed. A cuffed endotracheal tube was inserted, and the animal was mechanically ventilated with room air. Cannulae were inserted into the left femoral artery and both femoral veins to measure aortic pressure and administer anesthetic and other agents, respectively. Rectal temperature was monitored using a thermistor probe and maintained between 380 and 39°C with a circulating water heating pad.
A midline sternotomy was performed, and the heart was exposed and suspended in a pericardial cradle. A bipolar silver electrode was sewn to the epicardium over the right ventricular apex. Stimuli of 3-msec duration were delivered with a constant current stimulus isolation unit at twice diastolic threshold strength. Each dog underwent continuous ECG monitoring during the course of the experiment. The six standard limb lead ECGs were recorded on a strip-chart recorder. T wave amplitude was measured at the point most distant from baseline (mm) and averaged for six consecutive sinus beats in each lead. T wave amplitude and QRS and QT interval durations were measured at a paper speed of 100 mm/sec. T wave amplitude was then calculated (mV) using calibrations performed before each experiment. In three control experiments, the area of the T wave was calculated by planimetry. Because changes in T wave area were consistent with changes in T wave amplitude, we used amplitude as a measure of T wave changes. The QT interval was measured from the beginning of the Q wave to the end of the T wave, averaged for six consecutive sinus beats, and corrected (QTJ) for rate using the formula QT,=QTV ¶RR.12
Experimental Protocol
After an equilibration period of 30 minutes, control measurements of sinus rate, QRS, QT interval, and T wave amplitude were made. Three sequential 20- minute periods of right ventricular pacing (P,, P2, and P3) at rates 50% greater than sinus rate were performed in each dog. Each pacing interval was separated by a nonpacing period (T1, T2, and T3) lasting as long as necessary for the pacing-induced changes to revert to 90% of control (Tgo).
Lidocaine (Sigma Chemical, St. Louis, Mo.) was administered as a 3 mg/kg i.v. bolus followed by continuous infusion of 6 mg/kg/hr during the entire experimental protocol. Plasma samples were obtained at the end of the drug-loading period and at four 30-minute intervals during the maintenance infusion period. Plasma lidocaine levels were measured using the EMIT system. 13 The steady-state total plasma lidocaine concentration was 3-5 ,ug/ml for all dogs in this group. In other animals, 4- Figure 1 , which depicts the ECG changes after 20 minutes of right ventricular pacing. The pacing instantaneously induced T wave changes such that the T wave polarity was opposite that of the QRS complex ( Figure 1 ). The pattern was manifested as negative T waves in leads I, II, III, and aVF and as upright T waves in leads aVR and aVL. Five dogs showed conspicuous T wave inversions in the postpacing ECG after normal atrioventricular activation had been restored (as in Figure 1 ). Interestingly, these T wave changes had the same vector as that of the T wave provoked by right ventricular pacing. In the remaining three dogs ( Figure  2 ), the ECG changes that occurred during pacing were similar to the ones described above, but the postpacing T wave abnormalities were less conspicuous.
The degree of change in T wave amplitude was related to the time required for recovery to baseline. ; -E s -t t + M 4 F + a , M N A # a A e E i E R E ; l E E . -, . E z f e t u N E E . e A g N i . w a X . E w g E x < m t r H 8 g S s r ! iE -_ a ' ' t g ' ' < & , ' ' < t 6 -' ' t 4 i < + r + -X 4 i i i ' < i ' § i e t > r s i 4 " 2 9 > -2 + t . t H D S t ; . § . Z ' ( $ s E 1 -F ; * f f i t 22 i..F. g sr ve yt ,> j4 ,_t j=r E S : > R i -i R t X S . -{ P . & . e . . x . f f i a E ] : a 3 û 1 : ' W r : z r , , . # , f ; S , b . -L -f S ; S ; . i e X > s P = $ i Figure 4 (top panel) as the time course for change and recovery of postpacing T wave amplitude (lead II) in another representative experiment. Furthermore, the recovery time correlates with the peak effect on T wave amplitude achieved during the postpacing period, that is, the change in T wave amplitude at T3 is longer lasting than at T1 or T2.
These data show that ECG repolarization abnormalities persist after a period of aberrant conduction and display the properties of accumulation8 (T3>T2>T1) and memory8 (the changes observed during T3 take longer to abate than the changes occurring during T1). These results are summarized in Figure 5 (left panel Table  1) . The three consecutive periods of right ventricular pacing induced marked changes in T wave amplitude and polarity in the postpacing ECG ( Figures 3 and 4 , center panels), which, as in the control experiments, showed the properties of accumulation ( Figure 5 , center panel) and memory ( Figure 6 , center panel). Heart rate, QT,, and QRS durations were unaltered during the postpacing periods Tl, T2, and T3 (data not shown).
A third group of six dogs was treated with 4-aminopyridine as a 1.6 mg/kg bolus followed by a 0.25 mg/kg/ min infusion (1 hour). Fifteen minutes after the onset of infusion, the ECG manifested a stable rhythm, with a significant increase in T wave amplitude and a decrease in heart rate. There were no changes in QT, or QRS duration (Table 1) . A representative experiment showing the effect of 4-aminopyridine on postpacing T waves is shown in Figure 3 (bottom panel) . In contrast to our results in control or lidocaine-treated dogs, the morphology of the postpacing T waves during Tl, T2, or T3 intervals was clearly unchanged in 4-aminopyridinetreated animals. The absence of any alteration in the postpacing T wave amplitude or the induction of memory is further detailed in Figures 3 and 4 greater than normal sinus rate. We ultimately selected a pacing interval of 20 minutes at rates 50% higher than sinus to obtain consistent T wave changes. The second interesting finding is that there are progressive alterations in T wave characteristics after successive, discontinuous periods of abnormal activation sequence (right ventricular pacing). Third, the T wave polarity during the postpacing period was of the same direction as the abnormal T wave seen during right ventricular pacing. Rosenbaum et a18 used atrial and right ventricular pacing and analyzed the phenomenon they termed cardiac memory caused by pseudoprimary T wave changes. They made several key observations: The T wave resulting from postpacing activation is changed in polarity; the magnitude of this change is a function of the duration of the period of abnormal activation (or the number of abnormal activations), so that the change develops progressively; and after the end of a period of abnormal activation, the alteration in T wave polarity regresses very slowly. They also found that the polarity assumed by the abnormal T wave is the same as the polarity of the major QRS deflection in the same leads during abnormal activation.
We find that after a period of abnormal activation, the T wave changes occurring during normal rhythm display properties comparable to the ones originally described by Rosenbaum and coworkers.8 However, contrary to this report, we demonstrate that the abnormal T wave is concordant with the T wave, not the QRS, of the preceding ventricular pacing. We also report T wave abnormalities in the standard limb leads, whereas Rosenbaum and coworkers8 for the most part described changes occurring in the precordial leads. These authors claimed that the concordance of the abnormal T wave with the QRS of the preceding activation pattern implies that the abnormal repolarization is dictated not by its "own" QRS forces but rather by the previous history of ventricular depolarization. Although not entirely consistent with the results of Rosenbaum et al,8 our study nevertheless reinforces the idea that changes in activation are associated with alterations in repolarization and that the latter persist even after activation is normalized.
Mechanisms of T Wave Changes
Rosenbaum et a18 suggested that altered electrotonic interactions among adjacent segments of the ventricular myocardium might cause changes in the time at which different regions of the ventricle repolarize and might be the origin of cardiac memory. These electrotonic interactions were explained as follows. If adjacent muscle fibers differ in their state of activity, there must be an electromotive force across and normal to the plane that separates them.'5 However, the extent to which this electromotive force is able to change the action potential duration of nearby fibers depends on the passive electrical properties of the tissue and thus is expected to appear instantaneously and dissipate instantaneously, following the appropriate changes in the durations or shapes of the juxtaposed action potentials. Therefore, the mechanism of electrotonic modulation cannot be responsible alone for the slowly developing and persistent effects on repolarization. Other possible mechanisms have been suggested, such as ischemia, local tissue injury induced by electrical stimulation, autonomic reflex alterations,16 or damage to the afferent or efferent cardiac nerves. 17 We hypothesized that a likely mechanism for the slow modulation of repolarization and its prolonged retention might be searched for in some form of conditioning of a cellular or molecular structure of the myocardium.
For example, the transient outward current (it.), which is predominantly carried by K' ions,18 '19 shows marked reverse use dependence. That is, it is far more prominent at slow drive rates than at more rapid rates. The *2 expression of this current's effect on the transmembrane action potential is seen as a notch during phase 1 of repolarization, which becomes more prominent as the stimulus rate decreases. Furthermore, the expression of this current differs in various cardiac tissues; in the canine heart, it is present in Purkinje fibers,20 subepicardial myocardium,21 isolated ventricular myocytes, 22 and disaggregated Purkinje myocytes. 23 Although it, contributes significantly to the electrical activity of canine epicardium, it is minimal to absent in endocardium.21 The epicardial and endocardial differences in it0 are thought to be responsible for the rather prominent heterogeneity of transmembrane action potentials that exists among cells spanning the ventricular wall of the canine heart.2' A dispersion of refractoriness, as well as repolarization, also exists across the ventricular wall of the canine heart.24
Experimentally altering it. has profound effects on the voltage-time course of repolarization; for example, 4-aminopyridine, which abolishes i,0, decreases the phase 1 notch and prolongs the duration of the action potential. Given that i,0 is seen in epicardium and not endocardium, any event that suppresses it in the epicardium will change the electrical forces existing across the ventricle during repolarization and can be expected to alter the T wave.
A question arises of whether, given the rate dependence of it., sinus rate changes influence cardiac memory. However, alterations in sinus rate to the extent seen in the present study and the other studies referred to did not induce the memory phenomenon. Therefore, it appears that the imposition of both a rate change and ventricular pacing is of major importance. Just how the pacing site exerts such an effect is still uncertain, but a recent study of myocardial structure in relation to pacing offers an opportunity for speculation. In contrast, 4-aminopyridine effectively abolished the T wave changes. Based on the pharmacokinetics of 4-aminopyridine in human subjects29 as well as the knowledge that the dose of intravenous 4-aminopyridine used by anesthesiologists to reverse neuromuscular blockade is 0.5 mg/kg,30 we chose to administer 1.6 mg/kg initially and then 0.25 mg/kg/min for 1 hour. This dosage regimen induced a slowing of heart rate and a significant sustained increase in T wave amplitude. No other ECG changes occurred. The dosage of 4-aminopyridine administered in our experiments would produce a 3-mM blood concentration (assuming no loss from the intravascular compartment). In isolated canine right ventricular epicardium, 4-aminopyridine inhibits it, at concentrations of 0.5-5 mM.21 In this concentration range, minor inhibition of the inward rectifier (IK1) occurs. 31 Exposure to 4-aminopyridine would be expected to reduce the differences in electrical activity between epicardium and endocardium that are attributable to the presence of it, in the former but not the latter location. In addition, our data show that repolarization abnormalities occurring during normal conduction after a period of aberrant activation are abolished. Thus, the presence of it, in epicardium and the conditioning by cardiac pacing of channels carrying i,, may account, at least in part, for the phenomenon of cardiac memory. 
Potential Study Limitations
A potential criticism of the present study relates to other possible mechanisms by which 4-aminopyridine may prevent T wave changes in vivo. 4-Aminopyridine facilitates synaptic transmission by increasing calciumdependent transmitter release in a variety of tissues. 32, 33 There are conflicting reports of its cardiac effects in vivo. Paskov et a134 found no cardiovascular effects of 4-aminopyridine, whereas others describe positive35,36 or negative37 chronotropic and inotropic responses, depending on the cardiac preparation and species used. Its effect on cardiac rate seems to be exerted predominantly via excitation of sympathetic and parasympathetic nerve fibers in the sinoatrial node. 35 The negative chronotropic response has been attributed to the release of acetylcholine from parasympathetic nerve terminals due to an increase in intraneural calcium concentration,37 whereas the positive response has been related to a direct action of the drug or the release of norepinephrine from sympathetic nerve terminals. 35, 37 In the present study, 4-aminopyridine exerted a negative chronotropic effect, the mechanism for which -as described above -is uncertain. Although it is possible that 4-aminopyridine abolished the T wave changes occurring during normal The heart subjected to right ventricular pacing can be thought of as an artificially induced in vivo model of left bundle branch block. Notably, right ventricular pacing produces QRS complexes with a left bundle branch block pattern. In 1969, Chatteree et a17 noted marked precordial T wave inversions after cessation of chronic right ventricular pacing; they described positive correlations between the duration of pacing and the time required for regression of the repolarization abnormalities and between the electrical energy used to pace and the amplitude of the T wave inversion. Four years later, Gould et al43 described two patients with prominent, symmetric T wave inversions on the ECG after temporary right ventricular pacing. Although most conspicuous and consistent T wave changes have been noted in the precordial leads,23'8'39 abnormalities in the limb leads were also described.3,43 Similarly, patients with ventricular preexcitation,6A4 tachycardia,5 4 and repeated uniform extrasystoles5'44 may demonstrate T wave changes long after normalization of their rhythm.
The present study differs from others described in that the pacing site was selected in such a way that a left bundle branch pattern did not occur. Rather, pacing was accompanied by a wide QRS complex indicative of only an intraventricular conduction disturbance. Nevertheless, with this altered pattern of ventricular activation, T wave changes associated with the phenomenon of cardiac memory occurred. This observation is consistent with the idea that although an altered activation pattern appears necessary for this T wave change to occur, the changes in the T wave may not be consonant in vector with those of the QRS complex.
Conclusions
T wave abnormalities occur during normal atrioventricular conduction subsequent to right ventricular pacing in the open-chest anesthetized dog. Lidocaine does not alter this phenomenon, whereas 4-aminopyridine, a relatively selective blocker of specific K' channels, completely abolishes it. The present study suggests these phenomena may be based on a physiological property of the myocardium related to specific K' channels. As such, these T wave changes may reflect the effect of an electrical field on channel structure or function rather than a pathological condition. 
